The journey of the Chagas' disease parasite Trypanosoma cruzi in the human body usually starts in the skin after an insect bite, when trypomastigotes get through the extracellular matrix to bind specific surface receptors in the epidermis and dermis to enter cells, where they differentiate and replicate. As the infection spreads to the heart, nervous system, and other parts of the body via the circulatory system, the parasite must also cope with additional receptors in the immune system and vascular endothelium. The molecular underpinnings that govern host cell receptor recognition by T. cruzi counterreceptors remain largely unknown. Here, we describe an immunoprecipitation strategy designed to concurrently identify host receptors and complementing parasite counterreceptors. Extracellular domains of growth factor receptors fused to human immunoglobulin G (IgG) Fc were incubated with parasite lysates, immunoprecipitated on protein G-Sepharose, and eluted with Laemmli sample buffer. Possible T. cruzi counterreceptors pulled down by the receptor-Fc bait were visualized on immunoblots probed with multispecific high-affinity IgG from chronic chagasic sera and on sodium dodecyl sulfate-polyacrylamide gel electrophoresis gels stained with silver or Coomassie blue. In screening receptors important for nervous system repair, this parasite counterreceptor immunoprecipitation (PcIP) assay identified 7 to 11 polypeptides (molecular masses, 14 kDa to 55 kDa) that bound to the coreceptors of glial cell line-derived neurotrophic factor (GDNF) family ligands (GFLs) GFR␣-1, -2, and -3. Binding was specific because the T. cruzi mimic of host GFLs, named TGFL, did not react with GFL coreceptor tyrosine kinase RET and with other neurotrophic receptors. The polypeptides were located on the parasite outer membrane and bound noncovalently to each other. TGFL eluted from the GFL receptor/protein G affinity column with 0.5 M NaCl, pH 7.5, and potently promoted neurite outgrowth and cell survival in a GFL-sensitive mouse pheochromocytoma cell line. Given that GFLs are neuron survival factors crucial for development and maintenance of central and peripheral nervous systems, it may be that T. cruzi mimicry of host GFLs helps in mutually beneficial host repair of infected and damaged nervous tissue. As there are >30 growth factor receptor-Fc chimeras commercially available, this PcIP assay can be readily adapted to identify receptors/ counterreceptors in other T. cruzi invasion sites and in other infections such as Lyme disease, amebiasis, and schistosomiasis.
Parasite invasion of mammalian hosts depends on the interplay between parasite counterreceptors (ligands) and host receptors. Identifying and characterizing these interactions are critical to understand the mechanisms underlying disease pathogenesis and to design therapeutics and vaccines. Currently, systematic approaches to simultaneously identify host receptors and parasite counterreceptors are not available. And, as illustrated by three representative examples, once a receptor or ligand is discovered, it usually takes several years to identify the second, complementing component of the molecular pair (13, 42, 44) .
The first example relates to the facultative intracellular gram-positive Listeria monocytogenes, a food-borne bacterial pathogen that can cause meningitis and abortions in pregnant women (17) . It was discovered in 1997 that the surface protein internalin (InlB) promotes invasion of nonphagocytic cells (5) and, 3 years later, that it does so through the Met receptor tyrosine kinase (41) . The Met receptor is normally bound and activated by hepatocyte growth factor (HGF) during embryogenesis and tissue regeneration (4) . Because InlB and HGF are not homologous, the discovery that they share the same receptor was based not on structural comparisons but on the serendipitous observation that soluble InlB elicits a cellular response resembling that of HGF (33, 41) .
Second, it was discovered in 2000 that the protozoan parasite Leishmania major, the etiological agent of cutaneous leishmaniasis and kala-azar, expresses a surface protein with leucine-rich repeat (LRR) motifs (31) . Four years later, it was noticed that the LRR protein is a counterreceptor of complement receptor 3 (CR3), one of the many ligand/receptor pairs Leishmania uses to invade macrophages (23) . The identification of CR3/LRR recognition was serendipitous, as it was based on a bank of monoclonal antibodies against macrophage surface antigens and not on structural similarities because the LRR protein is unrelated to complement iC3b, fibrinogen, glucan, and other CR3 ligands of mammalian origin (48) .
And the third case is Trypanosoma cruzi, the agent of Chagas' disease, which afflicts millions of people in this hemisphere. This obligate intracellular parasite invades a variety of cells in the heart, nervous system, and other parts of the body and expresses a surface protein with neuraminidase (34) and sialyltransferase activities (40) . In 2000, we found that the neuraminidase moonlights as a parasite-derived neurotrophic factor (PDNF) by activating two signaling pathways, the phosphoinositide 3-kinase/protein Akt kinase and mitogen-activated protein kinase pathways, to promote neurite outgrowth and survival of neurons and Schwann cells (7) (8) (9) . However, the nature of the receptor underlying PDNF-dependent host cell survival was found to be the nerve growth factor (NGF) receptor TrkA 4 years later (10) . And it took a few more years for us to realize that PDNF/TrkA binding leads to T. cruzi invasion (14) . As with L. monocytogenes InlB and Leishmania LRR motif protein, chance played a major role in the discovery that PDNF is a functional mimic of NGF.
To find out whether T. cruzi expresses additional mimics of neurotrophic factors, we developed an assay that simultaneously screens for the interacting molecular pairs by taking advantage of commercially available mammalian receptors fused to the human immunoglobulin G (IgG) Fc domain. The assay consists of mixing the receptor-Fc chimera with T. cruzi lysates, immunoprecipitating the receptor-Fc chimera and the bound protein on protein G-Sepharose, staining sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) gels with silver or Coomassie blue, and/or immunoblotting with high-affinity multispecific chagasic IgG or sera. Using a set of receptors important for the maintenance of the nervous system, this parasite counterreceptor immunoprecipitation (PcIP) assay identified a novel and biologically active T. cruzi mimic of the glial cell line-derived neurotrophic factor (GDNF) family ligands (GFLs) (1, 2, 39), named TGFL (T. cruzi mimic of GFLs). The PcIP assay can easily assist in the identification of receptors/counterreceptors in other infectious organisms.
MATERIALS AND METHODS
Parasite and cell lines. The Silvio X-10/4 strain of T. cruzi was maintained in Vero cells in Dulbecco's modified Eagle medium (DMEM) containing 1% fetal calf serum (FCS) (Gibco Laboratories, Grand Island, NY) at 37°C in a 5% CO 2 atmosphere as described previously (6) . Trypomastigotes were collected 5 or 6 days after Vero cells were infected with T. cruzi. Epimastigotes were obtained from noncellular cultures grown at 28°C in liver infusion-tryptose medium supplemented with 10% FCS (36) . In vitro extracellularly generated amastigotes were obtained exactly as described previously (27) . Mouse pheochromocytoma (MPC) CRC1 10/9 cells, a gift from Arthur S. Tischler (Department of Pathology, Tufts Medical Center, Boston, MA), were grown in DMEM containing 10% FCS, 100 U/ml penicillin, and 100 U/ml streptomycin at 37°C in a 5% CO 2 atmosphere (35) .
PcIP assay. The procedure for the PcIP assay is schematically depicted in Fig.  1 . T. cruzi was washed by centrifugation (1,500 ϫ g, 10 min), lysed on ice for 30 min in lysis buffer (20 mm Tris, pH 7.5, 150 mm NaCl, 1 mm EDTA, 1 mM EGTA, 1% NP-40, 2.5 mm sodium pyrophosphate, 1 mm glycerophosphate, 1 mM Na 3 VO 4 , and 1 mM phenylmethylsulfonyl fluoride plus a protease inhibitor cocktail; Roche Molecular Biochemicals, Indianapolis, IN), and centrifuged (Microfuge; 12,000 ϫ g, 10 min, 4°C) to yield soluble protein lysate. The protein concentration in the lysate was determined by a Bradford method-based protein assay (Bio-Rad, Hercules, CA). T. cruzi lysate (30 to 50 g), precleared on protein G-Sepharose (2 h, 4°C), was mixed overnight at 4°C with 0.5 g extracellular domain of receptor fused to human IgG1 Fc (hereafter referred to as receptor or receptor-Fc) (R&D Systems, Minneapolis, MN), mixed with protein G-Sepharose (ϳ15 l) (GE Healthcare, Piscataway, NJ), washed with lysis buffer, and harvested by pulse centrifugation. 
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Elution was with Laemmli sample buffer (15 l) at room temperature, and the eluate was resolved by 7.5 to 15% SDS-PAGE, followed by nitrocellulose membrane blotting. The membrane was blocked with 5% nonfat milk in Tris-buffered saline plus 0.1% Tween 20 (TBST) (30 min, 37°C), probed with a 1:1,000 dilution of chronic Chagasic sera or 10 g/ml IgG purified from Chagasic serum in 5% milk (overnight, 4°C), washed with TBST, incubated with horseradish peroxidase (HRP)-conjugated anti-human Fc antibody (Promega Corporation, Madison, WI) diluted 1:5,000 in 5% milk (1 h, room temperature), and developed with enhanced chemiluminescence (Perkin-Elmer, Life Sciences, Boston, MA).
For large-scale purification, the amounts of reagents were scaled up proportionally. However, here elution was with two column volumes of 0.5 M NaCl-10 mM Tris buffer, pH 7.5, and the eluate was concentrated by ultrafiltration in an Amicon ultracentrifugal filter device (10,000-molecular-weight cutoff) (Millipore Corporation, Billerica, MA). In some cases, the eluate (i.e., TGFL) was diluted to 0.15 M NaCl and reapplied to a new protein G-Sepharose column to remove residual receptor-Fc. The eluate was stored in Tris-buffered saline containing 30 to 40% glycerol or 1% bovine serum albumin (BSA) after sterilization with 0.22-m filters. The protein was resolved by 7.5 to 15% SDS-PAGE and stained with Coomassie blue or silver. The protein concentration of TGFL was obtained in Coomassie blue-stained SDS-PAGE gels by comparison with standard curves generated with crystalline BSA followed by densitometry (CS-800 calibrated densitometer; Bio-Rad, Hercules, CA) using the Quantity One program, version 4.4.0, as described previously (15) . The average yield of four different purifications was 1.0 g TGFL/1.2 ϫ 10 8 trypomastigotes (Silvio strain of T. cruzi). Enzyme-linked immunosorbent assay (ELISA). Microtiter (96-well) plates were coated with GDNF (500 ng/ml), neurturin (75 ng/ml), and artemin (300 ng/ml) (all from R&D Systems) and TGFL (95 ng/ml) (isolated as described above), in 50 mM carbonate buffer (pH 9.6) overnight at 4°C, washed three times with phosphate-buffered saline (PBS) plus 0.1% Tween-20 (PBST), blocked with 5% goat serum-PBST (1 h, 37°C), washed three times in PBST, and incubated with receptor-Fc in 5% BSA in PBST (2 h, 37°C). After a washing with PBST and incubation with alkaline phosphatase-labeled anti-human Fc antibody in 1% BSA-PBST (1 h, 37°C), the plates were washed before the addition of alkaline phosphatase substrate p-nitrophenylphosphate at room temperature, and the nitrophenol product was estimated ϳ1 to 2 h afterwards in a microplate reader (measuring A 405 ). To measure GFR␣ (GFL receptor ␣) binding to T. cruzi lysates, trypomastigotes, epimastigotes, and amastigotes were frozen (10 8 /ml) at Ϫ70°C in PBS containing a cocktail of protease inhibitors and defrosted at 37°C three times and centrifuged (1,200 ϫ g, 10 min) and the clear supernatant (equivalent to 5 ϫ 10 5 parasites/well) was applied to microtiter wells in 50 mM carbonate buffer, pH 9.6, overnight at 4°C, blocked with 5% goat serum, and incubated with the Fc chimera of GFR␣-1 or fibroblast growth factor receptor extracellular domain 1 (FGF-R1␣) for 2 h at 37°C, followed by alkaline phosphatase-conjugated anti-human Fc antibody for 1 h at 37°C. The absorbance values were read at 405 nm after 1 h.
Fluorescence microscopy. Amastigotes, trypomastigotes, and epimastigotes were fixed with 4% paraformaldehyde, blocked with 10% goat sera, and incubated with 1 g/ml GFR␣-1-Fc or FGF-R1␣ for 1 h and anti-human IgG-594 Alexa for 1.5 h. Fluorescence was observed under an Olympus 1X70 fluorescence microscope equipped with a Spot camera and software.
T. cruzi pull-down assay. The three stages of T. cruzi were incubated with GFR␣-1-Fc or FGF-R1␣-Fc at 4°C for 1 h and processed for immunoblotting as described earlier (14) . See also the Fig. 4 legend.
Cell survival and neurite extension. For neurite extension assays, MPC cells in DMEM-10% FCS were plated in microtiter wells (5 ϫ 10 3 /well, overnight) and treated with 100 l of different concentrations of TGFL or GDNF (in DMEM-1.0% FCS plus 0.02% BSA) for 3 to 5 days. Cells were fixed with 4% paraformaldehyde in PBS (20 min, room temperature), washed with PBS, permeabilized with 0.2% Triton X-100-PBS (5 min, room temperature), blocked with 10% goat serum (2 h, room temperature), washed with PBS, incubated with anti-neurofilament NF200 diluted 1:500 in 2.5% goat serum (overnight, 4°C), washed, and incubated with Alexa 488-conjugated anti-rabbit IgG (Molecular Probes) (20 g/ml in 2.5% goat serum, 1 h, room temperature). Images were analyzed by fluorescence microscopy with Spot camera software. At least 300 cells per well were randomly selected for measurement of the length of neurites, defined as an extension of more than the diameter of the cell body.
For cell survival experiments, medium was replaced with serum-free (0.1% FCS) medium for 4 to 5 days and the medium was changed to medium containing Hoechst 33342 (20 g/ml) and propidium iodide (PI) (10 g/ml). After 5 min, the cells were visualized under UV irradiation at 340 to 380 nm in an inverted fluorescence microscope equipped with a Spot digital camera. At least 300 cells per well were randomly selected for counting live and dead cells.
RESULTS
To screen for putative T. cruzi counterreceptors that might complement growth factor receptors important to nervous system repair, the extracellular domains of six relevant receptors fused to human IgG Fc (GFR␣-1, RET [rearranged during transformation], transforming growth factor ␤ receptor extracellular domain II [TGF-␤-RII], FGF-R1␣, tumor necrosis factor receptor extracellular domain 1 [TNF-R1], and p75) were incubated with nonionic detergent extracts of trypomastigotes, pulled down on protein G-Sepharose, washed to remove nonspecifically bound materials, eluted with Laemmli sample buffer under reducing conditions (2% ␤-mercaptoethanol), and analyzed by Western blotting using, as a probe, chagasic serum or IgG and HRP-conjugated secondary antibody for visualization by enhanced chemiluminescence (Fig.  1 ). Controls were (i) receptor-Fc, without preincubation with T. cruzi, pulled down on protein G-Sepharose and (ii) T. cruzi lysates directly adsorbed to protein G-Sepharose without premixing with receptor-Fc. This way, we found that GFR␣-1 specifically pulls down a complex mixture of T. cruzi proteins (i.e., TGFL). Consistently, short exposure (1 s) of the immunoblots to the film revealed two sets of bands (sets 1 and 2; molecular masses, 31 to 55 kDa) ( Fig. 2A, left lane [lane 1]) , and longer exposures (20 s) showed an additional one (set 3; two bands; molecular mass ϳ 16 kDa) (Fig. 2A, lane 2) . Because of the denaturing action of 2% SDS, Laemmli sample buffer always elutes Fc-receptor from the protein G-Sepharose regardless of whether the counterreceptor is pulled down (lanes 1 and 2) or not (all other lanes).
TGFL visualized in the Western blot of Fig. 2A corresponded to 5 ϫ 10 6 trypomastigotes, but this parasite load did not yield enough TGFL to be detectable on silver-or Coomassie blue-stained SDS-PAGE gels. We therefore sought ways to scale up the yield and increase the concentration of TGFL for visualization by Coomassie blue-stained gels. We found that high concentrations of NaCl at neutral to alkaline pH break the binding of the Fc-receptor to the counterreceptor but not to protein G. Preliminary experiments using various concentrations of NaCl (0.5 M to 1.5 M, pH 7.0 to 7.8) showed that TGFL, but not the Fc-receptor, is readily eluted from the protein G-Sepharose affinity column with 10 mM Tris-buffered 0.5 M NaCl, pH 7.5. This allowed pooling of eluates from various independent purifications or from larger-scale batches of reagents. Pools of eluates were concentrated and dialyzed by ultrafiltration and immediately used for SDS-PAGE for silver or Coomassie blue staining.
The banding pattern of Coomassie blue-stained TGFL, corresponding to ϳ2.3 ϫ 10 8 trypomastigotes, or ϳ50 times that needed for visualization in Western blotting ( Fig. 2A) , was similar to that in immunoblots except for 2 additional bands in set 3, for a total of 11 bands (Fig. 2B) . Silver-stained gels gave a similar pattern for Coomassie blue-stained gels (not shown). The banding pattern of TGFL separated under reducing conditions (Fig. 2B ) remained unchanged when TGFL was run in the absence of reducing agents (not shown), indicating that the TGFL bands are not associated with each other by covalent (disulfide) bonds. Unlike what was found with the Laemmli buffer, TGFL eluted with 0.5 M NaCl does not contain GFR␣-1-Fc-receptor because it remains bound to protein G-Sepharose (Fig. 2B) , though it can be eluted with 2% SDS (Fig. 2A) .
To determine whether PDNF, a T. cruzi-derived protein that promotes trophic actions on neurons through the activation of TrkA receptors (10) , is a component of the TGFL complex, we probed TGFL with the PDNF-specific monoclonal antibody TCN-2 by Western blotting (36) . TCN-2 did not bind TGFL (Fig. 2C) under conditions in which it did produce the classical multibanding pattern with T. cruzi lysates ( Fig. 2A and B) . Furthermore, trans-sialidase activity, an intrinsic property of PDNF (10), was not detected in various TGFL preparations (data not shown).
GFLs constitute a family of four ligands, GDNF, neurturin, artemin, and persephin, that are most specific for GFR␣-1, GFR␣-2, GFR␣-3, and GFR␣-4, respectively (1, 2). We used ELISA to determine whether TGFL binds GDNF receptor GFR␣-1 preferentially; for this, various concentrations of Fc-GFR␣-1, -2, and -3 (Fc-GFR␣-4 is not, as of now, commercially available) were added to TGFL-coated microtiter wells, followed by alkaline phosphatase-labeled secondary antibody. As shown in Fig. 2D , the three GFR␣ receptors bound robustly to TGFL, unlike TrkA, TrkB, and TrkC, the tyrosine kinase receptors of neurotrophins NGF, brain-derived neurotrophic factor, and neurotrophin-3. In addition, TGFL did not react 30 g) , adsorbed to protein G-Sepharose, washed, eluted with 2% SDS, run on a nonreducing SDS-PAGE gel, blotted onto nitrocellulose, probed with chagasic sera followed by HRP-labeled secondary anti-human IgG antibody, and visualized with the ECL system for 1 second and 20 seconds. Numbers on the right represent molecular masses in kDa. The experiment was repeated more than 15 times with nearly identical results. Control lanes, lysate adsorbed to protein G-Sepharose without premixing with receptor (T. cruzi ϩ) and receptor adsorbed to protein G-Sepharose without premixing with lysate (receptor ϩ); adsorption of lysate-receptor mixtures to protein G-Sepharose is denoted by appropriate ϩ and Ϫ signs in the corresponding lanes. (B) Coomassie blue staining of TGFL (1.9 g, equivalent to 2.3 ϫ 10 8 T. cruzi trypomastigotes, Silvio strain) twice purified on GFR␣-1/protein G-Sepharose column after discontinuous 10 to 15% SDS-PAGE. Numbers on the right indicate molecular masses in kDa. The experiment was repeated three times with similar patterns. (C) Western blots of T. cruzi lysates (left) and TGFL (sample analogous to leftmost lane in panel A) (right) probed with PDNF/trans-sialidase-specific monoclonal antibody TCN-2. (D) ELISA. TGFL isolation was similar to that for panel A except that TGFL was eluted from GFR␣-1-Fc/protein G-Sepharose beads with 0.5 M NaCl-10 mM Tris, pH 7.5, diluted to 0.15 M NaCl, and concentrated by ultrafiltration. TGFL was repurified and eluted as above, stored in 30% glycerol, and then used for an ELISA (microtiter plates were coated with 95 ng/ml TGFL overnight at 4°C, blocked with 5% goat serum for 1 h at 37°C followed by the indicated concentrations of Fc chimera receptors in 5% BSA-PBST, pH 7.2, for 2 h at 37°C, washed, and developed with alkaline phosphatase-labeled anti-human Fc antibody). Points are averages of triplicate points. The experiment was repeated three times with similar results.
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on May 3, 2016 by guest http://iai.asm.org/ with the pan-neurotrophin receptor p75 or with TGF␤-RII, FGF-R1, or TNF-RI (Fig. 2D) , confirming the findings of the PcIP assay ( Fig. 2A) .
To independently confirm that TGFL did not discriminate among the three GFR␣ receptors (Fig. 2D) , we used an ELISA designed to ascertain receptor/ligand specificity (38) . We coated microtiter wells with GDNF, neurturin, artemin, and TGFL and determined the specificity of the binding of soluble GFR␣-Fc chimeras to the solid-state ligands. The results showed that GFR␣-1 bound to GDNF and to neurturin but not to artemin (Fig. 3A) , GFR␣-2 bound to neurturin but not GDNF and artemin (Fig. 3B) , and GFR␣-3 bound only to artemin (Fig. 3C ), in agreement with previous reports (1) (2) (3) 38) . In contrast, all three GFR␣ receptors bound robustly to TGFL, with binding curves analogous to those of bona fide endogenous receptors (Fig. 3A, B , and C) and with an affinity of ϳ4 nM, similar to that of GDNF/GFR␣-1 and GFR␣-3/ artemin (3).
The molecular mass of GDNF, neurturin, and artemin monomers by SDS-PAGE is ϳ15 kDa (1, 2) . Thus, the possibility exists that TGFL set 3 (molecular mass ϳ 16 kDa) might contain structural analogs of GDNF. This, however, does not appear to be the case because antibodies to GDNF, neurturin, and artemin did not cross-react with TGFL in ELISAs (data not shown). Based on an assay similar to that in Fig. 3A , chagasic sera did not react with the GFLs either (data not shown), suggesting that trypanosome TGFL is structurally unrelated to the mammalian GFLs.
To test whether TGFL is located on the surface of T. cruzi (trypomastigotes, epimastigotes, and amastigotes), we took advantage of a recently described pull-down assay that has been used to characterize TrkA binding to the T. cruzi outer membrane (14) . In this assay, live parasites are incubated at 4°C (to minimize endocytosis) with Fc-receptors for 60 min and washed and the amount of parasite-bound Fc-receptor is determined by Western blotting using anti-human IgG antibody and scanning densitometry. The results showed that live trypomastigotes, epimastigotes, and amastigotes effectively pulled down GFR␣-1 but not FGF-R1␣ (Fig. 4A) . The conclusion that GFR␣-1 binds to the surface of T. cruzi was further evaluated by fluorescence microscopy, which revealed the binding of the receptor, but not of FGF-R1␣, to the surface of paraformaldehyde-fixed trypomastigotes, epimastigotes, and amastigotes (Fig. 4B ). PcIP analysis of T. cruzi trypomastigote surface proteins labeled with membrane-impermeable N-hydroxysuccinimide-biotin (22) further confirmed the surface location of TGFL (data not shown). Furthermore, coating of microtiter wells with freezethaw T. cruzi lysates followed by GFR␣-1-Fc and alkaline phosphatase-labeled anti-human Fc antibody confirmed the specific binding of GFR␣ to the three stages of T. cruzi (Fig.  4C) . However, we could not detect TGFL in T. cruzi-conditioned supernatants under conditions in which PDNF/transsialidase is readily identified (i.e., in the cell-free medium obtained after harvesting parasites from Vero cells and after incubating parasites (10 8 /ml) in RPMI medium-1% BSA for
Binding of GFR␣-Fc-receptors to TGFL. Microtiter wells were coated with TGFL (stored in 30% glycerol) (95 ng/ml) and GDNF (500 ng/ml), neurturin (75 ng/ml), and artemin (300 ng/ml) (all stored at 30% glycerol), blocked with 5% goat serum, and reacted with the indicated concentrations of GFR␣-1 (A), GFR␣-2 (B), and GFR␣-3 (C), followed by alkaline phosphatase-conjugated anti-human IgG antibody. Values are averages of triplicate wells. The experiment was repeated four times with similar results.
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on May 3, 2016 by guest http://iai.asm.org/ 4 h at 37°C; furthermore, TGFL was not released into the supernatant obtained by treating T. cruzi with 2 M NaCl (data not shown). These results indicate that TGFL is tightly bound to the T. cruzi outer membrane but that it that can be readily solubilized with the nonionic detergent NP-40 or by freezing and thawing. Neuroblastoma cell lines are derived from peripheral sympathetic neuroblast tumors, and many of them express GFR; consequently, the cell lines respond to GDNF and other GDNF family members (18) . We used a GDNF-sensitive MPC cell line (35) to test the possibility that TGFL mimics GFLs in promoting differentiation and survival of neuronal cells. Like GDNF, TGFL induced a robust neurite outgrowth in the MPC cells (Fig. 5A) , which was dose dependent and saturable (Fig.  5B) . To determine whether TGFL supports cell survival, MPC cells were grown in a medium containing a low concentration of FCS (0.1%) for 3 days, a condition that promotes apoptosis, visualized by staining with PI (which detects dead nuclei) and Hoechst 33342 (which stains live and dead nuclei) (Fig. 6A,  medium) , as a dose-dependent and saturable response (Fig.  6B) , with a 50% inhibitory concentration of 18 ng/ml, compared to 1.5 ng/ml for GDNF. Not surprisingly, cells grown in 10% FCS survived much better than cells grown in starvation medium containing TGFL or GDNF, though some apoptotic cells were nevertheless observed (Fig. 6A) .
DISCUSSION
We describe here a simple and easy-to-perform PcIP strategy that identified a novel T. cruzi counterreceptor for the GDNF family of mammalian neurotrophic receptors. This assay uses readily accessible reagents and depends on laboratory procedures used worldwide. The single-step assay consists of mixing a human IgG Fc chimera of growth factor receptors (Ͼ30 available commercially) with parasite lysates, adsorption to protein G-Sepharose, and elution with Laemmli sample buffer for rapid identification of putative counterreceptors by Western blotting and silver or Coomassie blue staining. Elution with relatively mild conditions (0.5 to 1.5 M NaCl, pH 7.0 to 7.8) can provide enough material for visualization with silver or Coomassie blue staining and for biological assays. Western blotting, to be of value, depends on high-affinity multispecific antibodies, but these are promptly found in the sera of relevant chronically infected individuals or experimentally infected animals.
Neurotrophic factors regulate many important aspects of the development and maintenance of the nervous system by playing essential roles in intercellular communication; they comprise neurotrophins (NGF, brain-derived neurotrophic factor, and neurotrophin-3), neurokines (ciliary neurotrophic factor, leukemia inhibitory factor), GFLs (GDNF, neurturin, artemin, and persephin) (1, 2, 20, 21) , and others. NGF was identified more than half a century ago as the molecule that controls survival and maturation of developing neurons in the peripheral nervous system (26) .
The GFL family, whose founding member, GDNF, was discovered relatively recently (28) , belongs to the TGF-␤ superfamily of growth factors. Much attention is currently being paid to the therapeutic potential of GDNF family members, as exemplified by GDNF and artemin, which have been used in clinical trials of Parkinson's disease (43) and in the systemic (16), respectively. GFLs are disulfide-linked dimers that react with GFR␣ receptors to form nonsignaling heterotetramers; this reaction represents the initiating step in the formation of a ternary signaling complex that contains the shared tyrosine kinase receptor RET. This ternary complex, through RET, directly activates several intracellular signaling cascades to regulate migration, chemotaxis, branching, morphogenesis, neurite outgrowth, and synaptic plasticity (1, 2, 47) . Such ligand/receptor composition is unique in the TGF-␤ superfamily because TGF-␤ and other members such as activins and bone morphogenetic protein directly bind and activate two different types of signaling serine/threonine receptor kinases (30) . Interestingly, TGFL, like counterpart GFLs, bound to GFR␣ but not to RET receptors in the PcIP assay ( Fig. 2A) .
To bind surface GFR␣ receptors, TGFL is strategically located on the surface of trypomastigotes (and other stages of T. cruzi) for proper trypanosome/host cell interaction. Interestingly, TGFL does not discriminate among the GFR␣ receptors (Fig. 3) , in contrast to GDNF, neurturin, and artemin, which are selective for GFR␣-1, -2, and -3 (Fig. 3), respectively (1, 2) . The versatility of TGFL in recognizing GFR␣ receptors might very well be useful in the cross talk between T. cruzi and the central and peripheral nervous systems.
What might GFL mimicry mean to T. cruzi infection? We showed earlier that PDNF/trans-sialidase triggers T. cruzi-induced differentiation and survival of neurons and Schwann cells through the binding and activating of NGF receptor TrkA, and these findings were the motivation for designing a method to simultaneously detect novel ligand/receptor interactions (7, 9) . Such neuroprotective responses were thought to be a mechanism used by T. cruzi to help the host repair damaged infected nervous tissues (9, 14) .
Thus, the functional mimicry of GDNF family ligands by T. cruzi supports the hypothesis that the parasite evolved mechanisms to help nervous tissue regeneration. This should be facilitated by the relatively high level of TGFL expression, ϳ1.0 g TGFL per 10 8 trypomastigotes or ϳ10 ng TGFL/ml blood (parasitemia of ϳ10 6 /ml and bloodstream trypomastigote TGFL expression analogous to culture-derived counterpart), which is much above the threshold for a robust TGFL trophic response in vitro (5 ng/ml or 0.5 ng/well) ( Fig. 5 and 6 ). The idea of T. cruzi evolving mechanisms through PDNF, TGFL, and perhaps other molecules to help the host repair infected tissues to maintain mutually beneficial structural and functional integrity of infected tissues is consistent with a similar emerging view in toxoplasmosis pathogenesis (24) .
Neuroprotection produced by both PDNF (8) (9) (10) (11) (12) 14) and TGFL (this communication) may relate to several features of Chagas' disease progression. For example, many individuals with acute Chagas' disease have parasites in their spinal fluid but do not present symptoms such as severe headache, vomiting, nuchal rigidity, and visual phobia (19) , which normally accompany infections of the brain parenchyma and meninges (37, 46) . Furthermore, the majority of chronic chagasic patients remain asymptomatic for life and present an age-dependent increase in gastrointestinal and cardiac ganglia, a trend reverse to that of nonchagasic individuals (25) . TGFL could participate in this process by activating GFR␣, as this receptor is pivotal in the regulation of the survival and differentiation of several populations of neurons and glial cells in the enteric nervous system. On the other hand, disturbances in GFR␣ and RET signaling can lead to megacolon (Hirschsprung's disease) (29, 32) . And this abnormality, together with megaesophagus and cardiomegaly, is a prominent feature of chronic symptomatic Chagas' disease (25, 45) . Thus, one can envision TGFL participating in neuroregenerative and/or neurodegenerative events of Chagas' disease.
